The derivative of the voltabsommetric scans, together with previous nano-electrogravimetric and X-ray diffraction results, allow different electrochemical processes to be distinguished during the Prussian blue ͑PB͒ voltammetric scan. Potassium, proton, and hydrated proton counterions involved in PB electrochemistry are related here to the electrochemical reactions of specific Fe sites. Potassium counterions show two different sites for their insertion: one located in the crystalline framework and another in ferrocyanide vacancies. From the monitoring of electroactive Fe sites, the covalent-exchange model is suggested as one of the first approaches to explain the origin of the PB magnetic ordering observed at room temperature during voltammetric scanning. Systems that undergo reversible and controlled changes of their properties offer appealing perspectives for the fabrication of electronic switch devices. Thus, Prussian blue ͑PB͒-like materials have raised intense interest because of their electrochromic, ionexchange, ion-sensing, electrocatalytic, or photomagnetic properties, 1-5 because the PB Everitt's salt ͑ES͒ voltammetric scan is accompanied by reversible changes in these physicochemical properties.
Systems that undergo reversible and controlled changes of their properties offer appealing perspectives for the fabrication of electronic switch devices. Thus, Prussian blue ͑PB͒-like materials have raised intense interest because of their electrochromic, ionexchange, ion-sensing, electrocatalytic, or photomagnetic properties, [1] [2] [3] [4] [5] because the PB Everitt's salt ͑ES͒ voltammetric scan is accompanied by reversible changes in these physicochemical properties. [6] [7] [8] [9] [10] Likewise, they also display a wide range of important magnetic ͑e.g., room temperature magnetic ordering͒ and magnetooptical ͑e.g., ferromagnetism, photoinduced ͑de͒-magnetization͒ properties. [11] [12] [13] [14] In particular, the PB electromagnetic properties can also be tailored by external conditions, such as the magnetic field, [15] [16] [17] light, 15, 18, 19 and by electrochemical methods. 18, [20] [21] [22] [23] [24] X-ray studies showed that the PB three-dimensional ͑3D͒ structure is face-centered cubic 25 with a general formula equal to Fe 4 ͓Fe͑CN͒ 6 ͔ 3 ·mH 2 O. Trivalent and divalent iron ions are in highand low-spin sites, Fe͑III͒ high-spin and Fe͑II͒ low-spin , respectively. 26 Enclosed in this structure, high-and low-spin sites are both octahedral and surrounded by -NC and -CN units, respectively. Thus, the PB lattice is composed of repetitive units of Fe low-spin -CN-Fe high-spin in the three spatial directions. Nonetheless, 1 4 of low-spin Fe͑II͒ sites are missing and occupied by water molecules coordinated to Fe͑III͒ high-spin ions. The PB structure is completed with water molecules occupying interstitial positions. [27] [28] [29] The above crystalline structure corresponds to the freshly deposited PB film following the electrochemical methodology described by Itaya et al. 22 and it is known as insoluble. The insoluble PB is electrochemically converted into the soluble PB by means of successive voltammetric cycles between the PB and ES forms 30, 31 until a stable electrochemical response is achieved. 32 The soluble PB has been described as similar to the insoluble PB 3D structure. 33, 34 Repetitive structural units of Fe low-spin -CN-Fe high-spin also compose its rigid framework, where 1 4 of the low-spin sites are missing. The position of the trivalent iron ions can be drawn as Fe͑II͒ low-spin -CN-Fe͑III͒ high-spin and Fe͑III͒ low-spin -CN-Fe͑II͒ high-spin sites. Spectroscopic techniques allow the amount of these sites to be monitored through the spectral transitions at 380, 686, and 1000 nm. 35 During the voltammetric scan between the soluble PB and ES forms, changes of oxidation states of trivalent iron ions are accompanied by the exchange of counterions to reach the film electroneutrality. 20, 21, 29, [36] [37] [38] [39] [40] In potassium salt solutions, these counterions are potassium cations, hydrated protons, and protons. Furthermore, a structural changeover occurs during this scan within a very narrow potential range. 7, 8 This changeover implies an extra electric current induced by the PB magnetic ordering. 8 The main goal of this work is to distinguish the electrochemical reactions of the different electroactive Fe sites that compose the PB structure during the PB ES voltammetric scan. This study is based directly on new spectroscopic measurements and data processing associated with previous electrochemical 20, 29, 41 and electrogravimetric measurements 7, 8, 21, 23, 24, 39, 40 that allowed the counterions exchanged during this scan to be distinguished according to the applied potential. Previous structural results 33, 34 allowed the electroactive Fe sites to be specified. Furthermore, this paper suggests a molecular first approximation to a better understanding of the electronic dynamics of PB films during their voltammetric scan.
Experimental
PB films were electrochemically deposited by immersion in 0.02 M K 3 Fe͑CN͒ 6 ͓analytical reagent ͑AR͒, Panreac͔, 0.02 M FeCl 3 ͑Sigma͒, and 0.01 M HCl ͑AR, R. P. Normapur͒ solution. 22 A controlled cathodic current density of 40 A cm −2 was applied for 150 s. Next, these PB films were stabilized by cycling the system between 0.60 and −0.20 V in 0.50 M KCl, pH 2.3. 30, 42 Spectroelectrochemical measurements were carried out in a typical electrochemical three-electrode cell. PB films were deposited on an ITO ͑indium tin oxide͒ electrode with a covering surface of 1 cm 2 ͑the ohmic drop of ITO electrodes causes the separation and widening of voltammetric peaks͒. 43, 44 A platinum plate was used as the counter electrode and an Ag͉AgCl͉KCl sat electrode was used as the reference electrode. A PalmSens potentiostat ͑Palm Instrument BV͒ controlled the electrochemical measurements realized at steady-state conditions. These measurements were performed by using the spectral range given by a HEIOS ␤ UV-visible ͑UV-vis͒ spectroscope ͑Spectronic Unicam͒ ͑Fig. 1͒. Potential changes during the voltammetric measurements were modulated through a PAR 263A potentiostat-galvanostat, whereas spectroscopic measurements during this cycle were realized in situ by a Jenway 6300 spectrophotometer ͑Fig. 2͒. The electrolyte used in all experiments was 0.50 M KCl ͑AR, R. P. Normapurtm͒, pH 2.3. Study of the anodic scan is obviated here to make the analysis of the experimental results easier. However, this scan totally agrees with conclusions obtained from the cathodic scan due to the reversibility of the PB ES voltammetric scan.
Results and Discussion
Spectroscopic analysis.-The near-UV-vis/near-IR spectrum of PB films shows two spectroscopic bands centered at 380 and 686 nm, as well as a shoulder at 1000 nm ͑see Fig. 1͒ . The spectroscopic band centered at 686 nm records the electronic charge transfer from iron͑II͒ into low-spin sites to iron͑III͒ ions into high-spin sites. 35 Thus, absorbance changes at this wavelength may be related to the amount of Fe͑II͒ low-spin -CN-Fe͑III͒ high-spin sites. The shoulder at 1000 nm records a forbidden transition of the above charge transfer. The spectroscopic band detected at 380 nm records the electronic charge transfer from iron͑II͒ ions into high-spin sites to iron͑III͒ ions into low-spin sites. Changes of this band are related to the amount of Fe͑III͒ low-spin -CN-Fe͑II͒ high-spin sites. 
͓2͔
In spite of the fact that near-UV-vis/near-IR spectra of PB films present three spectral transitions at 686, 380, and 1000 nm, only the spectroscopic bands centered at 686 and 380 nm are well-defined ͑Fig. 1͒. As commented above, these bands allow Fe͑II͒ low-spin -CN-Fe͑III͒ high-spin and Fe͑III͒ low-spin -CN-Fe͑II͒ high-spin electroactive sites to be monitored during the PB ES voltammetric scan. It is important to indicate that counterions of electrochemical reactions of PB films interact with the crystalline structure into a specific structural site 21 and as a result, the electrochemical reaction of each chromophore or each electroactive site may involve only a counterion having appropriate dimensions to fill these sites. Figure 2 shows that the derivative of the voltabsommetric curves ͑dA/dt͒ at 686 and 380 nm have a maximum at 0.17 and 0.14 V, respectively. Previous electrogravimetric measurements 21, 29 have shown that the counterions exchanged in this potential range for reaching the film electroneutrality are mainly potassium ions added to a few hydrated protons. As the derivative of the voltabsommetric scan at 686 nm is clearly coupled to the cathodic voltammetric scan, it can be inferred that this wavelength is related to the exchange of potassium ions as counterions. The counterion associated with the 380 nm wavelength would be the hydrated proton given that the electrochemical reaction of Fe͑II͒ low-spin -CN-Fe͑III͒ high-spin sites is related to the potassium counterion and that each electroactive Fe site may involve only a counterion. 21 Furthermore, this is in accordance with the fact that the absorbance at this wavelength is smaller than the absorbance at 686 nm ͑Fig. 1͒.
As the values of absorbance at 686 and 380 nm are related to Fe͑II͒ low-spin -CN-Fe͑III͒ high-spin and Fe͑III͒ low-spin -CNFe͑II͒ high-spin sites, respectively, it is possible to write the electrochemical reduction reactions
Voltammetric simulation from the derivative of the voltabsommetric scans.-One of the most interesting possibilities of spectroelectrochemistry is that it provides a good starting point to deconvoluted electrochemical processes. If the molar extinction coefficients are known at each wavelength, the current associated to each one of these processes could be estimated from Beer-Lambert and Faraday's laws. 45, 46 If
and as 
where A is the absorbance of the sample, l is the distance that light travels through the material ͑the path length͒, C n is the concentration of chromophore n, ͑mol͒ n are the moles related to the concentration C n , n is the molar extinction coefficient of the absorber n, V is the material volume, S is the surface of the absorber, F is the Faraday constant, t is time, and Q n is the electrical charge associated with the absorber n. j total is the total current density at each polarization potential.
As each electroactive site has been associated with only one chromophore exchanging only one specific counterion, the highest value of the FdA/dQ function, FdA/dQ = F͑dA/dt͒/i = F͑dA/dt͒/͑dQ/dt͒, can be used as a first estimate of the extinction coefficient of absorber per surface at each wavelength. However, the true coefficient should be larger than the highest value of the FdA/dQ function, because at each polarization potential, more than one electrochemical process that gives current change coexists and only one gives absorbance change. [45] [46] [47] Figure 3 shows the simulation of the cathodic voltammetric scan from dA/dt curves at 380 and 686 nm and Eq. 5c and ͉͑/SF͉͒ 686 = 200 C −1 . It can be seen in Fig. 3 that experimental current agrees with simulated curves at potentials between −0.20 and 0.15 V. However, differences are important at more anodic potentials and unquestionably, they cannot be rectified given that minimum values of the molar extinction coefficients were considered by an experimental determination from the FdA/dQ function. Thus, as the electrochemical reactions of Fe͑II͒ low-spin -CN-Fe͑III͒ high-spin and Fe͑III͒ low-spin -CN-Fe͑II͒ high-spin sites occur mainly at potentials lower than 0.15 V, other electrochemical reactions may be involved at more anodic potentials. Figure 3 also shows that the main reaction near the peak potential is related to the current density deconvoluted from the dA/dt curve at 686 nm. Thus, this is in concordance with the fact that the electrochemical reaction of Fe͑II͒ low-spin -CNFe͑III͒ high-spin sites that is monitored at 686 nm involve the potassium counterion for reaching the film electroneutrality, because the electrochemical reaction that involves the exchange of potassium cations is the main reaction at these potentials. 21, 29 An extra current density can be defined as the difference between the experimental and simulated currents, j extra Figure 4 shows the shape of this extra current. This shape does not correspond to only one process; it seems to be due to the overlapping of at least three different processes. To separate these three contributions to the extra current, it can be deconvoluted into three different Gaussian peaks. This methodology is usually employed in many scientific fields. 48 In this case, Gaussian functions can be used to simulate electrochemical processes, given that they have the same shape as a voltammetric peak, which is usually simulated from hyperbolic cosine functions. 47 Following this procedure, the deconvolution of j extra gives three peaks with a high overlapping degree and centered at 0.20, 0.25, and 0.35 V ͑Fig. 4͒. Three processes is the minimum needed to obtain a good deconvolution.
At potentials near 0.20 V ͑the voltammetric peak potential͒, the experimental voltammogram shows a high and narrow peak. The cause of this narrow peak has been related to a PB magnetostructural changeover process which causes an extra nonfaradaic current, 7, 8, 44 as well as to a faradaic process that involves the potassium exchange and that can be recorded by the wavelength at 686 nm, as commented above. At potentials near 0.25 V, the main faradaic reaction involves the exchange of potassium counterions and that causes neither changes of absorbance at 686 nm nor at 380 nm. Finally, previous electrogravimetric measurements evidenced the participation of protons as counterions at more anodic potentials than 0.30 V. 21 Thus, and as these potentials agree with the potentials of the deconvoluted currents in Fig. 4 , these processes may be related. Thus, the Gaussian peak centered at 0.20 V may be related to the extra nonfaradaic current, the peak at 0.25 to the potassium exchange, and the peak at 0.35 V to the proton exchange. Potassium counterions are so related to two different faradaic reactions. 49 where Fig. 4 shows that j extra is mainly recorded, and in the same manner as the extra current density calculated above, these complexes do not absorb in the near-UV-vis/near-IR range. 49 Figure 4 shows that the deconvoluted peak centered at 0.35 V ͑which is shown above to be related to the exchange of proton counterions͒ has a double transferred electric charge than the charge of the deconvoluted peak centered at 0.25 V ͑which is related above to the exchange of potassium counterions͒. This should indicate that there are double the electroactive sites corresponding to the deconvoluted peak centered at 0.35 V than sites corresponding to the deconvoluted peak centered at 0. 25 Finally, Fig. 4 shows how the electric current caused by the PB changeover ͑which is characterized by the presence of an internal magnetic field induced 8, 50 ͒ during their voltammetric scan is observed when almost all Fe 3+ ͑NC͒ 5 OH − and Fe 3+ ͑NC͒ 5 OH 2 sites are reduced. Conversely, the electrochemical reduction reactions of Fe͑II͒ low-spin -CN-Fe͑III͒ high-spin and Fe͑III͒ low-spin -CNFe͑II͒ high-spin sites occur mainly at more cathodic potentials. Therefore, it is possible to say that the reduction of all Fe sites located next to ferrocyanide vacancies should cause the PB magnetostructural changeover at room temperature. In agreement with this, previous experimental studies in other similar materials showed that the presence of vacancies is a prerequisite for photomagnetism. 51, 52 Furthermore, this agrees with the observed fact that the photomagnetism of CoFe PB analog depends on the amount of ferrocyanide vacancies and on the nature of alkali cations 53 ͑i.e., potassium͒ per cell. This could be explained considering that electrochemical processes related to Fe sites located next to ferrocyanide vacancies ͓Fe 3+ ͑NC͒ 5 OH 2 sites͔ involve potassium counterions for reaching the film electroneutrality.
A molecular perspective on PB films during their voltammetric scan.-As commented above, an electric current induced by the PB magnetic ordering was detected during their voltammetric scan. This current is due to a changeover for a Fe͑III͒/͓Fe͑II͒ + Fe͑III͔͒ ratio of about 0. 30, 7, 8 as is described in Table I . This changeover causes reversible changes on physical properties of films ͑i.e., structural, electrical, optical magnetic, and negative magnetoresistive effects͒, [8] [9] [10] 50 which begins the appearance of a nonfaradaic current. The origin of these changes has not been clarified yet, especially those concerning the interaction between iron ions, ferrocyanide vacancies, and counterions. Accordingly, the following section suggests a molecular first approximation to a better understanding of the dynamics of this changeover process. Herein, the proposed approach to explain the origin of reversible changes on physical properties of PB films during the voltammetric scan is based on the covalentexchange model, 54 which is supported by the fact that changes in these films depend on the interaction between neighboring iron ions mediated by cyanide bonds. 55 The superexchange model could also be used. However, the system should be ferromagnetic for all Fe͑III͒ compositional fractions considering this last model. 54 Therefore, as the ES form has paramagnetic features, 18 this possibility can be rejected.
According to the covalent-exchange model, the Fe low-spin -CN-Fe high-spin chain units have four possible bonding arrangements, all of them depending on the level of covalent strength of the Fe low-spin -CN or CN-Fe high-spin bonds: 54 1. The type 1 bonding arrangement occurs when these two types of bonds have a high covalent character. In this way, the iron ions are weakly coupled antiferromagnetically below the Curie temperature.
2. The type 2 bonding arrangement occurs when only one of these bonds has a high covalent character whereas the other has an ionic character. Considering the latter picture, the cyanide ligands are displaced toward the covalently iron-bonded atom and the net magnetic moment of this arrangement is ferromagnetic.
3. In the type 3 bonding arrangement, the two bonds have a high ionic character and as a result, there is nonmagnetic exchange between neighboring iron ions.
4. The type 4 bonding arrangement is reached when the lattice has a random ordering of oxidation states. In this arrangement, the Fe͑II͒ low-spin -CN-Fe͑III͒ high-spin state is degenerated regarding the Fe͑III͒ low-spin -CN-Fe͑II͒ high-spin state in a way that ferromagnetic double exchange takes place between iron ions below the Curie temperature. 56 Therefore, one electron is free to move through a metallic-like bond. Low electrical resistivity and small iron-iron distances are associated with this double-exchange phenomenon.
Considering these bonding arrangements, the electrochemical transition between the PB and ES forms can be characterized by following the evolution between three different states characterized by the value of ␣ = Fe͑III͒/͓Fe͑II͒ + Fe͑III͔͒:PB form ͑␣ = 0. The PB form is mainly a mixed valence system of Fe͑II͒ low-spin -CN-Fe͑III͒ high-spin units with different bonding arrangements. 35 Recent studies 33, 34 indicated that the Fe͑II͒ low-spin -CN mean length is equivalent to 2.00 Å, whereas the CN-Fe͑III͒ high-spin mean length is equal to 1.92 Å. Accordingly, and considering that the geometry of ferrocyanide anions is octahedral slightly distorted, 57 4/6 of bonding arrangements may correspond to the type 1 arrangement whereas 2/6 of bonding arrangements may correspond to the type 2, in which Fe͑II͒ low-spin -CN bonds have a high ionic character. Thus, all CN-Fe high-spin bonds have a high covalent nature and therefore, axial cyanide ligand groups of the Fe low-spin ͑CN͒ 6 octahedral coordination polyhedron would be largely displaced toward Fe high-spin ions, as detected experimentally. 33, 34 The ordering of type 1 bonding arrangements within ͑h00͒ planes and of all type 2 bonding arrangements between these planes is the best ordering to minimize the cooperative elastic strain due to the presence of two bonding arrangements. 54 For this reason, this ordering may be the conformation that the PB form reaches. Such ordering provides an optimum electrostatic configuration as well as a cooperative elastic strain capable to keep the cubic symmetry, as was assumed for the PB structure. 33, 34 The type 2 bonding arrangement entails the ferromagnetic features of the PB material, already shown for PB-like materials. 58, 59 The type 1 bonding arrangement also agrees with the magnetic anisotropy that gives rise to weak antiferromagnetic/ferromagnetic interactions in PB analog materials. 60 Furthermore, both arrangements imply a high electrical resistivity, in agreement with the resistivity observed in PB films. 40, 50, 61 An important increase in the exchange integral between iron ions located in high-and low-spin sites has recently been detected during the PB ES scan when the system reaches a ␣ Х 0.30, implying the optimization of double-exchange efficiency at this fractional content. 50 As a result, the Fe͑III͒/͓Fe͑II͒ + Fe͑III͔͒ ratio around 0.30 leads to the easier electronic exchange between neighboring iron ions. If the covalent-exchange model should be considered as an appropriated model, then an abrupt change ͑due to optimization of double-exchange efficiency͒ of this exchange integral would be expected for ␣ around 0.31, 54 thus supporting the use of this model to explain the behavior of the PB films during their voltammetric scan. Furthermore, and as this theoretic model establishes, the different PB electronic conformations shown in Table I imply the cooperative modification of the bonds of iron ions because the change of the film conductivity during the transition between the PB and ES forms is very important.
Accordingly, and if the optimized efficiency of double-exchange mechanism in PB materials around 0.30-0.32 ␣ compositions is considered, then Fe low-spin -CN-Fe high-spin structural units may have only a type 4 bonding arrangement at this compositional ratio, because the double-exchange efficiency is reduced by electrostatic ordering. 56 This isotropic arrangement would imply that the crystalline framework is cubic similarly to the PB form. Thus, this picture explains the observed changeover process, i.e., why the film's structure only changes from this specific composition. 7, 8 The type 4 bonding arrangement, caused by the double-exchange optimized feature, 54 has an important ferromagnetic coupling and a relatively high electric conductivity, 56 already demonstrated for this material at this compositional ratio 8, 40, 50 ͑see Table I͒ . Finally, the ES form is composed of only divalent iron ions into high-and low-spin sites where the octahedral geometry of the ferrocyanide anions is slightly distorted, 56 similar to that found in the PB form. Furthermore, Fe͑II͒ low-spin ͑high-spin d 6 configuration͒ ions are weakly Jahn-Teller active. 64 The Jahn-Teller effect, sometimes also known as Jahn-Teller distortion, describes the geometrical distortion of nonlinear molecules under certain situations. This distortion normally takes the form of elongating the bonds to the ligands lying along the z axis. Hence, 4/6 of iron-ligand bonds ͑the four equatorial octahedral coordinated groups of Fe low-spin ͑CN͒ 6 and ͑CN͒ 6 Fe high-spin polyhedrons͒ have high covalent character, whereas 2/6 of iron-ligand bonds ͑the two axial octahedral coordinated groups of Fe low-spin ͑CN͒ 6 and ͑CN͒ 6 Fe high-spin polyhedrons͒ have high ionic character.
One possible arrangement of the mentioned bonds is a coplanar ordering of all similar bonds in ͑h00͒ planes. This PB bond ordering is highly probable because it minimizes the cooperative elastic strain by elongating the bonds along the z axis. In such an arrangement, Fe͑II͒ low-spin -CN-Fe͑II͒ high-spin bonds within ͑h00͒ planes may correspond to the type 1 bonding arrangement, whereas bonds between these planes would correspond to the type 3 bonding arrangement; the ES and PB conformations may then be different in axial octahedral coordinated bonds of ͑CN͒ 6 Fe high-spin polyhedrons ͑see Table I͒ . This conformation may produce an anisotropic configuration. Therefore, the rigid isotropic framework is lost according to what was discussed for the ES form in a previous paper. 8 Furthermore, the high electrical resistivity that has been observed in ES films confirms the above statement. 29, 40 The proposed conformation leads to the presence of antiferromagnetic properties along ͑h00͒ planes and paramagnetic properties along ͑0k0͒ planes. The paramagnetic character of the ES structure is corroborated in the reduced state of PB analogs. 18 The present work shows that the experimental evolution of physical properties of electroactive films during the electrochemical transition between the PB and ES forms is consistent with the covalent-exchange model. Actually, this model shows that the electrochemical transition of the PB and ES forms can be explained by 65 This transition shows how the strong coupling between the charge, spin, and lattice degrees of freedom is the key of the charge-transfer transition from Fe ions explained from the double-exchange mechanism.
Conclusion
In essence, the existing relation between the spectroscopic and electrochemical measurements allows four faradaic processes plus one nonfaradaic process to be identified and quantified during the PB ES voltammetric scan. The detected faradaic processes are associated to the exchange of hydrated protons and protons as well as to the exchange of potassium ions into two different spatial locations ͑structural and interstitial location͒. Considering real-time spectroelectrochemical data and previous electrogravimetric and structural measurements, the electrochemical reactions of the different electroactive Fe sites into the PB structure are here distinguished. The postulated processes are: This PB magnetic ordering results because the double-exchange mechanism has optimized its performance in PB films when Fe͑III͒/͓Fe͑II͒ + Fe͑III͔͒ Х 0.30. This offers appealing perspectives for the control of this interesting phenomenon from electrochemical techniques what could be used for the fabrication of the recent electronically configurable molecular-based logic gates employed in chemically assembled electronic nanocomputers. This work gives a picture of PB films during their voltammetric scan from an electronic exchange perspective by considering the nature of iron bonds and their electrochemical evolution. Figure 5 . ͑Color online͒ Schematic configuration of the evolution of an octant of the unit cell during the electrochemical transition between the PB and ES forms, according to the covalent-exchange model. Blue balls ͑b͒ correspond to Fe͑II͒ ions, yellow balls ͑᭺͒ to Fe͑III͒ ions, green balls ͑b͒ correspond to the mixture of both oxidation states, black balls ͑b͒ to carbon atoms, and brown balls ͑b͒ to nitrogen atoms. Voltammetric scan is the red line ͑-͒.
